In this report, we present a novel and straightforward technique to immobilize viable bacteria using polypyrrole (PPy). Conducting polymers incorporate anionic molecules in their textures to compensate for cationic charges introduced on their backbones upon polymerization; this feature has been frequently utilized to immobilize functional biomolecules, such as enzymes and DNA. 5, 6 However, this simple technique has been little applied to the immobilization of microorganisms; only a limited number of relevant studies are available in the literature, although none of them has directly mentioned that microbes can act as dopants. [7] [8] [9] [10] [11] We have recently found that bacilliform bacteria can be quite easily doped into PPy films, thanks to their negative ζ-potentials.
Several studies have been published concerning microbial sensing using conducting polymer electrodes. 5, 8, 12 However, such studies used conducting polymer films either as adsorption platforms, over which microbes were spread, 10, 13, 14 or as inclusion matrices. 9, 11 All of these studies did not show any clearly defined structures for immobilized microbes; some microbes were entirely exposed on the surfaces to give laying-flat structures, and others were randomly embedded in the polymer textures. In contrast to these previous studies, our technique can arrange bacilliform bacteria in almost perfect order, in that they are inserted perpendicular to the polymer surface.
Pseudomonas aeruginosa, Acinetobacter calcoaceticus, Serratia marcescens, and Escherichia coli were cultured in an NB broth (Eiken Chemical) at 37 C, while Bacillus subtilis was grown in a SCD broth (Becton, Dckinson and Company). The culture of 1 mL was harvested by centrifugation at 6000 rpm for 2 min, and the precipitate was redispersed in saline (0.85% NaCl, 1 mL). This procedure was repeated twice to obtain a purified cell precipitate (Fig. 1) .
Unless otherwise noted, a film of PPy doped with P. aeruginosa (PPy/P. aeruginosa) was prepared as follows: pyrrole (5 μmol) and 0.50 mL of a phosphate buffer (pH 2.5 -5.3) were added to the cell precipitate. This dispersion, having a P. aeruginosa density of 1.5 × 10 9 CFU mL -1 and a pyrrole concentration of 0.10 M, was oxidized at 0.98 V against Ag/AgCl/saturated KCl/ for 300 s to deposit a PPy film on a quartz-crystal-microbalance gold electrode (Seiko Instruments, AQ-A9M-AU), which had been pretreated by soft plasma etching (Meiwa Fosis, SEDE-GE) for 30 s. The PPy film thus deposited gave a film thickness of a few micrometers. Films doped with other bacteria were prepared in similar manners. The cell viability was assayed using SYTO ® 9/propidium iodide (PI) fluorochrome reagents by staining cells after insertion to the film, unless otherwise mentioned, following the manufacture's instructions for bacterial viability kit L7007 (Molecular Probes). The film surface was kept wet with a drop of water during fluorescencemicroscope observation.
The direct insertion of bacteria was made possible by outer membranes, which abundantly contained negatively charged lipids, such as lipopolysaccharides as can be seen in Fig. 2 . 15 Indeed, the pKa values of B. subtilis were reported to be 4.8, 6.9, and 9.4, 16 which likely correspond to carboxyl, phosphate and hydroxyl sites; the pKa values as well as reported metal sorption evidence 17 indicate that anionic groups dominate the surface in the neutral pH region. The ζ-potentials of -34 and -28 mV obtained for P. aeruginosa and A. calcoaceticus, respectively, also support the anionic residue dominance on the cell surfaces. Vertical insertion was clearly observed with a fluorescence microscope (Fig. 2B) , where the majority of cells were found as circular radiants. Interestingly, four other bacteria studied in this study also showed similar vertical insertions, and only a small number of cells showed laying-flat or curling-up structures probably due to bodies too long to be accommodated in the film (cf. find a long cell in Fig. 1A) . Although the reason for the vertical insertion is not clear at this stage, there is a possibility that negative charge had accumulated at either polar cap more than in the middle of their bodies. A surface density of 9.3 × 10 5 CFU cm -2 was evaluated for the PPy/P. aeruginosa film shown in Fig. 2 .
The viability of immobilized bacteria is important for studying their activities. Figure 3 shows PPy/P. aeruginosa stained by SYTO 9/PI fluorochromes. In this case, a different polymerization condition (0.010 M pyrrole and 900 s voltage application) was employed to produce a thinner film, which was expected to give less stress to the cells during entrapment. Although the electrode surface turning brownish was indicative of the deposition of a thin PPy film, a vertical cell length longer than the film thickness did not allow the whole bodies to be embedded in the film, thus producing the laying-flat microscopic images (Fig. 3) . A P. aeruginosa surface density of 2.0 × 10 5 CFU cm -2 obtained by microscope images compares with that of 1.0 × 10 5 CFU cm -2 estimated by QCM frequency shifts. The fluorochrome assay stains nucleic acid of bacteria; PI stains dead cells red, penetrating through damaged cell membranes, although SYTO 9 does all of the cells to give off green light. As can be seen in Fig. 3, dead cells (B) are only a fraction of the green ones (A), and viability was evaluated by comparing the dead cells with the total cells in number. The viability of the entrapped cells (80.4%) was almost equal to that for a freshly centrifuged and dispersed specimen (80.2%). Virtually the same value before and after entrapment demonstrate that the cells were not damaged during the entrapping procedures.
We also studied the adsorption of cells without any polymer coating; a P. aeruginosa dispersion without pyrrole was applied on a gold surface, and the viability was measured after the potential application of +0.98 V for 900 s. Although the surface cell-density was similar to that for the PPy film, all cells were found to lay themselves flat on the surface. In contrast to immobilization on the PPy layer, the majority of the cell were imaged as red so as to indicate that they were damaged upon fixation; as few as 31% of the cells were found to have survived after this nonspecific adsorption process, emphasizing that the PPy layer played an important role in maintaining the living condition of the cells.
